次世代型熱中性子炉核設計のための核データの検証に関する研究 by Unesaki, Hironobu












Study on VerificatiQn of Nuclear Data
      for Nucllear Design of
 Next Generation Thermal Reactors
Hironobu Unesaki
Study on Verification of Nuclear Data
      fOr NucRear Design of




1.1 Nuclear Data and its Impact on Neutronics Design of Next Generation
    Thermal Reactors ''""" t' t' ++･"- ･" o-"" ･･ ･･ ･-･ {･ - -･ -""-"-- ･" ･･･ ･"- -) E･ {･
1 .2 Reactor Design of Next Generation Thermal Reactors and Nuclear Data " "
1.3 Purpose and Outline ofthe Present Thesis e"''-'' ･･b "--･-"･---･･-･"7





? Analysis of Differences in Vbid Coefficient Predictions for






Introduction !x - ･･･t!-････t.xtHt･... "
Specification ofthe Benchmark Problem v '
Codes and Libraries (･ " t･ -･ ÷o t･ +-o"++ t･ -- -･
Results and Discussion c- ++" c･ t･ ･･ ･- "+ t- -""･"
Conclusiontt-vtitv-tt･t-"....,.,."













verification of 232Th Nuclear Data through Analysis of
Critical Experiments in Thermal--Neutron Systems Using the
Kyoto University Critical Assembly
  Introduction . " s' s x' .' x .t t " tx v s. t. t s, t "x ,, x, tt ., t s, t tv " t tt " t- v v. . .. . -.. . t . . t -t .. t . s 7
  Difference between Thorium Cross Sections in Evaluated Libraries and its
  Impact to Nuclear Characteristics ofThermal Thorium-Uranium System " ' " ' 61
  Critical Experiments on Thorium-Uranium Fuel Cycle at the KUCA " " " " " ' ' 66
  Analysis, Results and Discussion "tt't' - t tl tt - =･ -･ ･tt - - ･tt ･･ xt - ･-r 6g
  Conclusion-sxhs-x-ttsh4s'h4ss--.sAs- iss4h-tts-4hssx.--ns.--s 77
  References for Chapter 3" ･･ "c"""-+""h-t"""-t･"o c･ ･･ -c""- c･ "--o･+･ ･･ ･-･t 7s
4. verification of 237Np and 24iAm Fission cross sections
    Based on Fission Rate Ratio Measurements at the Kyoto
    University Critical Assembly
  4.1 Introduction'""'""'""･'"""""e･o-"""""･･""o"""+"""""+""･･"""""+o"
  4.2 Current Status of237Np and 24iAm Fission cross sectionsHetxttttvstvtxtt
  ,4i3 Experimental stssxsast4 ri 4ssxAssnsAssh-s-s-sn"s-sass4-sasLss ., 4h4s
  4.4 Analysis'""""""o""o"-t･ fi-･""･""-"--o･"---"--"-"･--･･"+-･-"･4-･"･
  4･5 Results and Discussion "'""･e-･"""eo･･""･"+"-""e"-""-･･".........
  4.6 Conclusion"'x"tsxtxv.tstttntxttttttttxtn"ttxxtttt...............

















1.1 NUCLEAR DATA AND gTS IMPACT ON NEUTRONICS DESIGN OF NEXT
     GENERATION THERMAL REACTORS
    Nuclear energy is indispensable to secure the required energy fbr maintaining the
civilized life ofmankind. At the same time, there is also no doubt that further development
                                                         'of nuclear energy is inevitable with respect to the limitation in available resources and its
impact to environment. The estimated uranium resource today is considered to be exhausted
in approximately 70 to 80 years if it were continued to be only utilized in a frame of the
current nuclear energy technology, namely in the light water reactors. The reduction and
elimination ofpotential risk due to the radiological hazard from the spent fuel and high level
wastes are with no doubt indispensable to achieve better public acceptance. Together with
the request for enhanced safety, these two major concerns - the effective utilization of nuclear
materials and the reduction ofradiological hazard from the high level wastes - have been the
strong motivation for promoting the investigation on the new concepts of nuclear
reactors[i]-[8].
    In accordance with the current delay in the realization of fast reactors, it is considered
to be realistic that the current thermal reactors, represented by light water reactors (LWRs),
would still be the dominating nuclear energy system in the near future. Under this
circumstance, the effective utilization of nuclear materials and the reduction of radiological
hazard from the high level wastes in the conventional thermal reactors have gathered great
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interest worldwide, not only from viewpoints of the energy resource and the environmentag
impact, but also from a viewpoint of the nuclear security. This situation leads to the
proposal ofvarious new concepts of thermag reactors, which hereafter will be called as "next
generation thermal reactors".
    Among the various concepts of the nuciear reactors, considerable efibrts have been
fbcused on the uranium-fueled LWRs. Having a rich operation experience, practicai and
effective design routes, inciuding both nuclear data and calculation codes, have been
                      'developed for uranium-fueled LWRs worldwide. However, these design routes are not
always guaranteed to be successfu11y applied to the nuclear design of the next generation
thermag reactors, since the nucgear characteristics of the next generation thermag reactors are
often considerabgy different from those ofthe conventional LWRs. This is attributable to the
diffbrences in the operation targets ofthe next generation thermai reactors to the conventional
ones, which result in the differences in the materiag composition and then lead to the
differences in the neutronics behavior. Thus, the applicability and the perfbrmance of the
design routes need to be verified befbre the application to an actuai design of the next
generation thermal reactors.
    Kowever, the uncertainty (or reliabiiity) of the design route should be examined with
much care, since the uncertainty in the calcuiated nuclear parameter obtained through design
routes generaliy consists of two components, i.e. uncertainty from the nuclear data and that
from the calculation method employed in the code. These two components cannot always be
treated separately in the actual design ofnuclear reactor and are often treated together in gross.
The typical example of such feature is the so-called "bias factor", which is widely used as a
practicai measure of the accuracy of the design route. The bias factor is simply the
difft)rence between the calculated and the actual nuclear parameters of the system under
investigatiofi. This factor could be derived from the analysis of mock-up experiments,
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provided that the mock-up experiments were sufficiently simulating the nuclear
characteristics of the actual system. This, on the other hand, means that a bias factor for a
certain core system cannot be directiy applied to other systems, even its accuracy and
uncertainty have been proven to be satisfactory for the system under investigation.
Therefore, the uncertainty from the nuclear data and that from the calculation method should
be separately treated and verified in order to generalize and assure the overall prediction
accuracy for the nuclear system.
    The recent compilation of new evaluated nuclear data libraries, represented by
JENDL-3.2[9] of Japan, ENDFIB-VI[iO] of the Unites States and JEF2.2[ii] of European
countries has acted to improve the reliabiiity ofthe nuclear data used in reactor design. Also,
it should be noted that the recent emergence of sophisticated design methodology, together
with the notabie progress in computation enviromment has acted to improve the reliabiiity of
the cagcugation methods. The combinatien of these latest nuclear data libraries and
calculation methods seems to be promising to provide nuclear parameters with the improved
accuracy. However, recent anaiyses show that there still exist considerable discrepancies in
                                                               'the core parameters obtained by using different nuclear data libraries. Even fbr a close
 '
regative of the current LWRs, the uncertainty in the prediction accuracy of nuclear parameters
sometimes become rather remarkable, as will be shown in the fbllowing section. For the
nuclear design of any nuciear systems whose material composition and neutronic balance
diffk}r from those of the conventional LWRs, such situation may be occasionally observed.
    As mentioned above, the uncertainties in the calculation method can now be decreased to
a great extent if desired; for example, the use of continuous energy Monte Carlo codes[i2]'[i3]
tt
can eventually reduce the uncertainty in the caiculation method. This decrease in the
calculation uncertainty has act to unveil the uncertainty due to the nuclear data itsel£ which
was hidden in the total uncertainty in the past. Consequently, importance of the precise
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knowledge on the reliability of the nuclear data is even more emphasized, especially fbr the
                                                .tdesign of nuclear systems based on the new concept, where experimental data are less
available.
    Therefore, for the accurate and reliable design of next generation thermal reactors, it is
inevitable as a first step to verify the accuracy and reliability of the nuclear data to be used in
                              'the nuclear design. The precise knowledge on the accuracy and reliability of the nuclear
data will serve to further clarify the need fbr sophisticated methodologies to be used in the
design calculations, and eventually will serve to improve the overall reliability of the nuclear
design ofnext generation thermal reactors. From this point ofview, studies on verification
of nuclear data relevant to the nuclear design of next generation thermal reactors have been
                                                                 'performed in the present thesis. In the studies, the two major objectives of the next
          '                                                                       'generation thermal reactors, namelM the effective utilization of nuclear energy resources and
                             '
reduction ofpotential radiological hazard in the nuclear wastes, will be focused. Study on
verification of nuclear data relevant to the use of plutonium and thorium in thermal reactors
will be treated from the viewpoint of effective utilization of nuclear energy resources, and
those relevant to the incineration of minor actinides in thermal reactors will be treated from
the viewpoint ofreducing the potential radiological hazard from the nuclear wastes.
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1.2 REACTOR DESIGN OF NEXT GENERATION THERMAL REACTORS AND
    NUCLEARDATA
    In this section, present status of reactor design as well as the nuclear data relevant to the
next generation thermal reactors are briefly reviewed for mixed-oxide (MOX) fueled thermal
reactors, thorium fueled thermal reactors and thermal systems for minor actinides incineration.
Detailed overview on each topic wili be given in the fo11owing chapters 2, 3 and 4,
respectively.
1.2.1 MOX FUELED THERMAL REACTORS
    The importance of the nuclear data for plutonium isotopes in LWR design was greatly
focused through the research and development activities on high conversion light water
reactors (HCLWR)[i4]'[i5] mainly in the 1980s, which were the first major attempt in the world
to actively utilize plutonium in LWRs. Verification ofthe nuclear data ofplutonium isotopes
was intensively performed through the analysis of critical experiments and international
benclmark problems[i6]. Although the interest on HCLWR programme gradually decreased
in the world by the end of 1980s, the activities on research and development ofHCLWR have
contributed to emphasize the need for better understanding on the behavior of plutonium
isotopes in thermal systems. The detailed description of the important contributions of
HCLWR activities will be given in Chapter 2.
    After HCLWR, the utilization ofplutonium in thermal systems has shifted to the use in
conventional light water reactors; the so-called Pu-thermal concept[i7]'[24], where plutonium is
used in the form of MOX fuel which is loaded either partially or fu11y into the conventional
light water reactor. In addition to the increased difficulties in calculation method, it has been
-5-
Cha ter I
pointed out that considerable fraction of the uncertainty in calculated nuclear parameters of
                                               .tMOX fueled LWRs may be attributable to the uncertainty in the nuclear data itselF25]. This
is due to the fact that various heavy nuclides form a complicated situation from the viewpoint
of neutronics in the system, and the uncertainties of the isotopes with less importance in
conventional uranium-fueled LWRs become significant in MOX fueled systems. Such
difficulties have been also pointed out in the feasibility studies of reduced-moderation water
reactor (RMWR) coneept[26]=[28] recently initiated by Japan Atomic Energy Research Institute,
                     'which represent the latest activities on the next-generation thermal reactors.
1.2.2 THORIUMFUELEDTHERMALREACTORS
    Use ofthorium as energy resource was intensively carried out from the very beginning of
the peacefu1 use of atomic energy. Although extensive studies have been performed during
the 60s and 70s worldwide[29], the interest has declined until recently; it was from the mid 90s
when the thorium fuel cycle has re-gained an increasing interest as a promising energy
                                                                          'resource[30]. This is due to the potential superiority of thorium･-based fuel cycle to the
                                                                         'uranium-plutonium cycle from the viewpoint ofresource availability and the reduced amount
of actinides produced by the burnup of the fuel.
    In addition to these aspects, the increasing concems about the non-proliferation of
nuclear materials and the strong demand fbr eliminating long-lived radiotoxic isotopes in the
nuclear fuel cycle have also acted as strong motivations to pay attention and to reexamine the
use of thorium-based fuel cycles. The renewed international interest on the thorium-based
fuel cycies has led to various new activities, as will be described later in Chapter 3.
     These activities are mainly based on neutronics calculations, and the results of design
studies on the thorium-based fuel cycies could certainly be affected by the scheme of
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calculation, including both the nuclear data and the neutronics design code. However,
investigation on the sensitivity of the calculation scheme to the nuclear characteristics of
thorium-based fuel cycle has not been perfbrmed intensively. It should be noted that,
compared to the uranium-plutonium fuel cycle, less attention has been paid to the nuclear data
                                                                           'related to the thorium-based fuel cycle. Therefore, to conduct further the feasibility studies
on neutronic performance in consideration ofthe various candidates in the thorium-based fuel
cycle, it is considered to be necessary to assess the current nuclear data and to clarify how the
uncertainty ofnuciear data affects the nuclear characteristics ofthorium-based fuel cycle.
1.2.3 INCINERATION OF MINOR ACTINIDES USING THERMAL SYSTEMS
    Studies on the methods to cope with the minor actinides (MAs) generated in the fuel
cycle have been intensively canied out in the recent years[3i]. These include studies on
incineration ofMAs using nuclear reactors or accelerator-driven subcritical systems by means
of nuclear transmutation. Among them, the concept of incineration of MAs in LWRs has
recently been intensively studied as a realistic option.
    Among the MAs produced in nuclear reactors, major interest has been paid to Np and
Am[32]. These two nuclides are the most burdensome ones from the viewpoint ofproduction
                                                 '
rate in the reactor, halflife and hazard index. ' They are also important from the viewpoint of
nuclear characteristics ofthe incineration system.
    In the research and development of the incineration system, reliability of the nuclear data
of MAs is important for the evaluation of the nuclear characteristics and the incineration
perfbrrnance. Although the experimental activities on MA nuclear data have been
                              'extensively performed from the 60s to 80s, the disagreement among the measured data is
rather significant. Consequently, the differences among the evaluated data in the compiled
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libraries are considerably large in general. This situation is also the same fbr Np and Am
isotopes; compared to the major heavy nuclides (i.e. uranium and some plutonium isotopes),
the evaluated nuclear data fbr Np and Am available still show remarkable discrepancies, as
will be shown in Chapter 4.
    These discrepancies in the nuclear data of MAs directly influence the incineration
perfbrmance of the system. Therefore, in order to attain the reliability in the evaluation of
nuclear characteristics and incineration perfbrmance of the MA incineration system,
assessment of the nuclear data of MAs will be indispensable.
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1.3PURPOSE AND OUTLINE OF THE PRESENT THESIS
    The goal of the present research work is to provide quantitative measures on the validity
of the current nuclear data relevant to the nuclear desigrt of next generation thermal reactors
described in the preceding section, and also to provide suggestions for the anticipated
reevaluation of nuclear data for the nuclides with major importance. In order to achieve this
goal, data analysis and experimental methods relevant to the validation of nuclear data should
also be developed.
    For this purpose, the fbllowing studies were perfbrmed and summarized in the present
thesis.
a) Analysis ofbenchmark problem devoted for void coeflicient predictions in MOX fueled
tight pitch light water reactor cells[33]:
   This study is aimed at the verification of nuclear data relevant to nuclear design of
next generation themial reactors based on plutonium fuel. Detailed analysis of the
calculated results obtained by Japanese SRACIJENDL-3.2 and French
APOLLO-21JEF2.2 code systems has been perfbrmed to investigate the possible causes
ofthe observed discrepancies in k.. and void coefficients ofMOX fueled light water
fuel lattices. Although several activities on benchmark analysis of MOX fueled light
water fuel lattice do exist, the intercomparison between the obtained results was mostly
restricted to integrated nuciear parameters such as k.. and reactivity coeflicients. On
the contrarM a detailed intercomparison of the results based on decomposition of
reactivity difference into contributing nuclide, reaction and energy group has been
performed in this study, which is the first attempt to be applied to major code systems.




Criticality analysis ofthorium-loaded thermal reactor critical experimentsl34]:
    This study is aimed at the verification of nuclear data relevant to nuclear design of
next generation thermal reactors using thorium-based fuel. Criticality analysis of the
experiments on thorium--loaded themial reactors perfbrmed at the Kyoto University
Critical Assembly (KUCA) of the Research Reactor Institute, Kyoto University, Japan,
has been performed. Through the analysis of the KUCA experiments, assessment of
232Th cross section compiled in current evaluated nuclear data libraries has been
performed. Recent activities related to thorium-based fuel systems are concentrated on
the conceptual design studies of the reactor systems, and basic studies such as cross
                                                             'section measurement are rather scarce. Under this situation, the present study could be
considered as the oniy major activity on verification of nuclear data based on int'egral
experiments directly aiming at the thorium-based fuel cycie. This study will be
summarized in Chapter 3.
Measurement and analysis of 237Np and 24iAm fission rate ratios relative to 235u in
                                    '                 '     'thermal neutron fields of KucA[35][36]:
   This study is aimed at the verification of nuclear data relevant to nuclear design of
MA incineration systems based on next generation thermal reactors. The
measurements of 237Np and 24iAm fission rate ratios relative to 235u have been
performed at five cores having different neutron spectrum by using the KUCA.
Assessment of 237Np and 24iAm fission cross sections compiled in current evaluated
nuclear data libraries has been perfbrmed through the analysis. The recent activities
related to MA incineration studies are mostly either basic studies on cross section
measurement, or application studies on the conceptual design ofthe incineration system.
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    Activities on the integral evaluation of MA nuclear data, such as measurement of MA
    reaction rate, are very scarce, and no activity has been reported in thermal neutron
    systems. The systematic measurement of MA reaction rates in thermal neutron
    systems performed in this study is the first activity ever reported on integral evaluation
    of MA nuclear data in thermal neutron systems. This study will be summarized in
    Chapter 4.
                                      '                                '
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   Ana-ysis ofDifferences in Void Coefficient
             Predictions for Mixed-Oxide-Fuelled
         Tight-Pitch Light Water Reactor Cells
2.1INTRODUCTION
    The introduction of plutonium isotopes to the conventional uranium fuel results in a
completely diffbrent behavior of the system in terms ofneutronics balance. This phenomena
has attracted interest in the reactor physics study.
    The first major activities on the analysis of plutonium fueled thermal reactors were
performed during the period of the research and development of high conversion light water
reactors (HCLWRs)[i]'[41, where the plutonium oxide is used as mixed-oxide (MOX) fuel in
tight-pitch fuel lattice with reduced moderator-to-fuel volume ratio.
    During the activities on HCLWR development, the accurate prediction ofvoid reactivity
coeflicient was one of the major concerns in the nuclear design with respect to safety aspects.
Through the studies, it became clear that a complex neutronics balance is governing the void
reactivity coeflicient of tight-pitch MOX fuel lattices[5]-[8]. This is due to the fact that the
void reactivity coefficient is a result of a complicated trade-off ofboth negative and positive
contributions of various isotopes to the reactivity[9]'[iO]. ConsequentlM the void reactivity
coefiicient could be sensitive and be largely influenced by the nuclear data and the methods
adopted in the cell calculation codes.
    The impact of different nuclear data and codes on core parameters ofplutonium fueled
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thermal reactors, especially on the void reactivity coeflicient, has been emphasized in the
analysis of void reactivity coeflicient of PROTEUS-HCLWR experiments[ii]-Ii7] and also
during the international benchmark program on HCLWR[i81 sponsored by the Reactor Physics
Committee of NEA (NEAfCRP). These activities have lead to improvements on both
nuclear data libraries and calculation schemes, which served to decrease thg discrepancies
among different analyses [i9]'[20] and to reduce the uncertainty in nuclear design of plutonium
fueled thermal reactors. Furthermore, the results of these studies are implemented in the
compilation activities of newly evaluated nuclear data libraries, including JENDL-3.2 of
                                                                        'Japan, JEF-2.2 ofthe European countries and ENDFIB-VI ofthe USA. Tbgether with these
                                                        '
effbrts, development or refinement of reactor analysis codes with sophisticated caiculation
schemes has been proceeded.
    The combination of these iatest nuciear data libraries and codes seems to be promising to
provide the estimation of nuclear parameters with increased accuracy[2i]'[22]. However, fbr
MOX cells where various heavy nuclides form a complicated situation from the viewpoint of
neutronics, the uncertainty in the integrated core parameters caused by the uncertainty in
nuclear cross sections alone could be stM considerable. It has been recently reported that the
uncertainty in k6. of a standard pressurized light-water reactor MOX cell will reach up to 1 500
pcm (1 pcm = 1 × 1O-5Ak1k) due to the uncertainty in the cross sections.[23] The uncertainty
due to the calculation scheme employed in the cell codes will further increase the overall
uncertainty of the core parameters.
     Thus it is worthwhile to perform a detailed comparison among the resuits obtained by
latest code systems in order to check the discrepancy in the calculated nuclear characteristics
and to provide possible physical interpretations on them. Such efforts are anticipated to
provide invaluable information for the improvement of both the nuclear data and the
methodology adopted in the code systems. Because of the complexity arising from the
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isotopic composition and the emphasis on the resonance reactions, void reactivity coefficient
for MOX fueled tight-pitch light water lattice could be considered to be a suitable benchmark
problem fbr this purpose.
    From these points of view, analysis of the benchmark calculations fbr void coefficient
predictions for MOX fueled tight-pitch LWR cells has been perfbrmed in this studyi.
Detailed intercomparison of the results based on decompositien of reactivity difference into
                 '                         ''contributing nuclide, reaction type and energy group has been performed, which is the first
attempt to be applied to major code systems.
i This study has been performed within the framework of collaborative studies between the French Atomic Energy
COMMission (CEA) and University Association in Japan. The University Association in Japan comprises researchers
inVOIVed in the field ofnuclear science and engineering from Hokkaido Univ., 'Ibhoku Univ., [fokyo Institute of rl;echnology,
MUSashi Institute of Technology, rlbkai Univ., Nagoya Univ., Osaka Univ., Kyoto Univ., Kinki Univ. and Kyushu University.
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2.2SPECIFICATION OF THE BENCHMARK PROBLEM
     The system investigated is an infinite array of light-water moderated hexagonal cells
                                                                         'ioaded with MOX fuels. The configuration of the cell is illustrated in Fig. 2.1. The
diameter ofthe fuel peliet, outer diameter ofthe stainiess cladding, and the hexagonal pitch of
the cell are O.82 cm, O.95 cm and 1.22 cm, respectively. These values correspond to the
moderator-to-fuei volume ratio (J7in/Vf) of approximately 1.1. The temperature of the fuel,
clad and moderator were set to 873 K, 573 K and 573 K, respectively.
                             I i･                     e 1 22cm Illlllll.I!"."-･--liii -･･ ･-･"'--'-' "
    Cladding
      (ss)
    Moderato}





   O.95cms
Configuration ofthe benchmark cell.
     In order to illustrate the impact of isotopic composition of Pu on the void reactivity
coefficient, two types ofMOX fuels (Cell 1 and 2) having different Pu isotopic compositions
have been studied. The isotopic compositions ofthe heavy nuclides oftwo cells2 are shown
in Table 2.1. Compared to Cell 1, Cell 2 has a more "clean" Pu isotopic composition free of
higher Pu isotopes; the most significant difference is the small fraction ofPu-241 in Cell 2.
     The void fraction of the light water moderator region of the fuel cell has been varied
between O% and 100%, nameiM O% to 90% with increment of 10%, and 95%, 97.5%, 99%
and 100%. The small void fraction increment steps in the highly voided state are to cope
 '
2 Pu composition ofCel] 1 corresponds to a "standard" Pu coming from reprocessed standard U02 fuel ofPWR at about
33GWdlt, whereas that ofCell 2 corresponds to Pu coming from a reprocessed gas-cooled reactor fuel.
-18-
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with the significant change in the neutron spectrum in this void region.
Table 2.1Isotopic composition (wt%) of the MOX fuels




























                                                             '     The Japanese SRAC code system[24] developed at JAERI with 107-group cross section
library based on JENDL-3.2 (SRACIJENDL-3.2) and the French APOLLO-2 code[25]
developed at CEA with 172-group cross section library CEA93 based on JEF-2.2
(APOLLO-21JEF2.2) were used for the analysis of the benchmark. A continuous-energy
Monte Carlo code MVP[26] developed at JAERI together with cross section library based on
JENDL-3.2 was also used.
                                      '     The calculations were performed based on a 1-D cylindrical model with white
(isotropic reflection) boundary condition. It should be noted that such cylindrical
                                                               t.approximation together with the white boundary condition currently adopted may yield a
considerable error compared to the exact 2-D hexagonal calculations[27] ; however, the
essential feature of the two code systems are considered to be illustrated by the present
analysis.
2.3.1 SRACIJENDL-3.2ANDMVPIJENDL-3.2
     The SRAC calculations were perfbrmed using the 107-group library based on
JENDL-3.2. The thermal cutoff energy has been chosen to be 3.93 eV] which gives 59 fast
groups and 48 thermal groups. The resonance calculations fbr the major resonant nuclides in
the energy range of961 eV to 3.93 eV were carried out with a ultra-fine Pij routine PEACO[28]
incorporated in SRAC. This enables to treat the interaction between the resonance of
diffbrent nuclides with more accuracy. The spatial dependence of resonance selfshielding




     The reaction rates were calculated using the heterogeneous flux obtained by the
                                                 'eigenvalue calculation and the effective cross sections. The k.. values used in this study
were calculated based on the reaction rate balance by k.. = P / (F+C-N), where R E C and N
denote the production, fission, capture and (n,2n) rates integrated over the entire energy and
space, respectively. Note that the (n,2n) reactions were treated as negative absorption and
were subtracted from the actual absorption rate (F+Cl) fbr calculating kco values.
     The MVP calculations were executed in order to provide the complementary results so
as to validate the SRAC calculations. Because ofthe limitations in the nuclear data provided
fbr MVR the temperatures of the fuel, clad and moderator were set to 900 K, 600 K and 600
K, respectively. 500,OOO neutrons were tallied fbr each calculation, which gave the statistical
error ofless than O.1% (16) for k.. values.
2.3.2 APOLLO-21JEF2.2
     The APOLLO-2 calculations were performed by using the i72-group CEA93 library
(version O) which is based on JEF-2.2 library. Thermal cutoff energy for this library is 4 eV
which gives 92 fast groups and 80 thermal groups. The resonance calculations were
performed based on an improved selfshielding scheme (background matrix fbrrnalism
        'method[29]). In order to take the spatial dependence of the resonance selfshielding into
                                                '                'account, the fuel pellet was subdivided into six regions, each being treated as a separate
resonance region. The space-dependent effective cross section for each resonant region was
calculated based on background matrix fbrmalism together with the wide resonance
aPproximation. The interaction among the resonances was taken into account by iterating
the whole selfshielding calculation by using the calculated effective cross section as the
background cross section in the subsequent iteration. The number ofthis iteration was fixed
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to two, which had been proven to give suflicient convergence in the effective cross section
                                              '
and the kbo values. The k.. values used in this study were caiculated based on the reaction
rate balance as described above.
     It should be mentioned that the first analysis of MISTIkeeLL experiments[30]'[3i] using
SRACIJENDL-3.2 and APOLLO-21JEF2.2 shows that the kofvalues are satisfactory predicted
by the two codes[32]'[33], assuring the overall quality and the performance of the two code
systems. However, it should be noted that the two code systems give different tendency on
                                '





2.4.1 COMPARISON OF INFINITE MUIJIrlPLICATION FACTOR AND TOTAL VOID
      REACTIVITY
                                                          '     Figure 2.2 shows the k6. values of Cell 1 and Cell 2 and their dependence on the void
fraction obtained by the two code systems. The k.. values decrease with increasing void
fraction up to approximately 60% to 70%, and then turn to increase with void fraction. The
void fraction values corresponding to the minimum k.. values are slightly different between
the two cells; approximately 609x6 for Cell 1 and 70% for Cell 2. SRACIJENDL-3.2 gives
larger k6. values for both cells fbr the entire void range. EspeciallM there is a clear difference
in the shape ofthe k.. curve fbr Cell 1 in void fraction above 90%; APOLLO-21JEF2.2 gives a
monotonous variation of kbo versus the void fraction, whereas the k6. values given by
SRAC/JENDL-3.2 present some perturbations between 50 and 100% void which will be
explained in the fo11owing paragraphs. It should be mentioned that the discrepancies
between the SRAC and MVP results, both based on the JENDL-3.2 librarM are sufficiently
                                                               'small compared with the statistical error of the MVP calculations. EspeciallM the overall
shape of the k.. curve is in good agreement, including the diffla)rence of the curve shapes
                                '
between the two cells above 90% void.
     The k6. discrepancy between the two codes are shown in Fig. 2.3. The discrepancies
                             '     'have a clear dependence on the fuel composition and aiso have a large dependence on the
                                        'Void fraction. Cell 2, which is more free of higher Pu isotopes, shows large reactivity
discrepancy than Cell 1. The maximum discrepancy is observed at void fraction range nectr
80%, which reaches up to approximately 1%Akik and 1.35%Ak!7lr for Cell 1 and Cell 2,
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Figure 2.3 Vbid fraction dependence ofk. value difference (A-S) between
         APOLLO-2/JEF2.2 (A) and SRACIJENDL-3.2 (S).
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     The k6. values fbr the O% and 100% voided cells, the total void reactivity values
(reactivity difference between O% and 100% void), and their differences are shown in Table
2.2, For Cell 1, the k6. discrepancy for the 100% voided cell is larger than that fbr the O%
void, whereas fbr Cell 2, an opposite trend is observed. The total void reactivity values are
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calculated to be negative fbr both cells. However, the discrepancy in the total void reactivity
between the APOLLO-21JEF2.2 and SRACIJENDL-3.2 results shows different trend fbr the
two cells; it is negative for Cell 1 and positive for Cell 2.
                                '
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     To further investigate these discrepancies in k.. values and void reactivities, the
reactivity difference Ap between the two different states a and b is decomposed into
                                                                     'contributing nuclides i , energy groups G, and reactions using the fo11owing formula ;
  Ap=tZ. ;[ttG-tAiG]-2, 2. t[ttG (ACiG'thG-rwiG)]=z, ;Ap,G.
                                                                    (2-1)
The production, capture, fission and (n,2n) terms are defined as fbllows ;
             pro6uction t,rm..l. AIIG .-<V]£fi'¢>:EG;<VZfi'¢>:EG , (2.2)
                           koe P kco P
             capture term =. ii= Af = ii. <:E ci'¢>bgeG {il} <Zci, ip>:EG , (2-3)
                           eo oe
             '
             fi,,i.. t,rm.-.l. 41ZiG .-,.l. <£.fi,ip>bgEG--<]£.fv,¢>:EG , . (2-4)
                         kAk A                          oe ee
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         (n, 2n) term !+.,l. fl$liG .,, lt-L(Z(n,2n)i,¢>:EG;<IE (.,,.),,¢>:fG .
                     kA                  kA                      oe oe
Here, the brackets (< >gEG) denote the integration over energy range corresponding
                                         'broad group G and over the entire cell volume, and R denotes the average value
physical quantity R between the two states, i.e.,
         )}- . kee,a +koe,b
          ee '2 '
         [p . <vE f. ,¢)iiEaU +<vc2 f. ,¢>:Ean
                      2'




                                 2
The two states a and b could be any two different states ( such as void fractions
libraries ete.). This fbrmation is essentialiy based on that proposed by Okumura and Nishina
in Ref[10]; here, more detailed treatment of partial reaction terms has
separate treatment of fission and production terms and the inciusion of (n,2
                             '2.4.2 BREAKDOWN OF REACTIVITY DIFFERENCE BETWEEN
      AND SRACIJENDL-3.2 INTO CONTRIBUTING COMPONENTS AT EACH VOID
      FRACTION
     In this subsection, the two states a and b described above correspond to caiculation
results ofAPOLLO-21JEF2.2 (A) and SIMCIJENDL-3.2 (S) , respectively. The differences
(A-S) are analyzed in detail.
                    '                                                     '2.4.2.A i Breakdown ofReactivity Based on 0ne-group CollapsedReaction Rates
                                                                '     In order to investigate the global contribution of each individual isotopes to the
           (2-6)
           (2-7)
. (2-8)
   , code ys ms,





reactivity diffbrence at each void fi:action shown in Fig. 2.3, an anaiysis based on one-group
collapsed cell averaged reaction rates has been perfbrmed.
     Figures 2.4 and 2.5 show the breakdown of the reactivity discrepancy between
ApOLLO-21JEF2.2 and SRAC/JENDL-3.2 for Cell 1 and Cell 2, respectively. Here, only
the one-group collapsed total components (summation of production, fission, capture and
(n,2n) components) for each isotope are shown.
          400 un ,e-- -U-235                                                       "U-238           200                                                       +Pu-238
        .di'-iooo ;III3,O.,
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       , -l4oo              O 20 40 60 80 100                            Void Fraction (%)
  Figure 2.4 One-group breakdown ofreactivity diffbrence between APOLLO-21JEF2.2
        and SRACIJENDL-3.2 for Cell 1. 0nly the total components are shown.
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Figure 2.5 One-group brea




























kdown of reactivity difference between APOLLO-21JEF2.2
           Only th  total components are shown.
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     The reactivity discrepancy is a result of the cancellation of various negative and positive
components, with some ofthem having larger magnitude than the total reactivity discrepancy.
The large Pu-239 component, which shows a strong dependence on void fraction, is the most
 dominant cause ofthe reactivity discrepancy between the two codes.
    The discrepancies caused by the fertile heavy nuclides, i.e. U-238, Pu-240 and Pu-242
are positive, showing that the energy-integrated capture rates obtained by APOLLO-21JEF2.2
for these nuclides are smaller than those obtained by SRAC/JENDL-3.2. Among them, the
U-238 component shows an apparent dependence on the void fraction, having a minimum
value at approximately 80% void.
     A clear difference between the two cells is fbund in the contribution of Pu-241. For
Cell 1, the positive Pu-241 component, together with the U-238 component almost cancels
with the negative Pu-239 component at O% void and therefore acts to reduce the overall
reactivity discrepancy. For Cell 2 with smaller Pu-241 content, such cancellation does not
act as to reduce the overall reactivity discrepancM so that the resulting reactivity discrepancy
at O% void becomes larger than that of Cell 1. Turning to 100% void, the contribution of
Pu-241 turns to negative and therefbre does not cancel with Pud-239 anymore in Cell 1. Thus
the reactivity discrepancy at 100% void becomes larger than that at O% void in Cell 1. For
Cell 2, the reduction of the Pu-239 discrepancy dominates the overall reactivity discrepancM
and the reactivity discrepancy at 1OO% void becomes smaller than that at O% void.
     Figures 2.6 and 2.7 show the contribution to the APOLLO-SRAC discrepancy (A-S) of
the major heavy isotopes (U-238, Pu-239, 240 and 241) in their reaction types for Cell i and 2,
respectively. The contribution ofeach individual isotope shows a characteristic dependence
on void fraction, and the total component is a result of balance among the contributing
reaction types. The difference between the two cells could be clearly seen in the void
fraction dependence of each isotope; especially the total component of Pu-240 shows a
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completely different profile. This is due to the different
                                                     'reaction types, mainly by the difference in the capture term.
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               One-group breakdown of isotopic component of (A-S) discrepancy into
                  reaction types for major heavy nuclides in Cell 2.
     Turning to isotopes other than the heavy nuclides, the discrepancy due to the stainiess
steei cladding shows a considerabie negative contribution, which also shows strong
dependence on the void fraction. Figure 2.8 shows the detailed contribution ofthe isotopes
comprising stainless steel clad to the reactivity difference fbr Cell 1. The major contributors
              'to the reactivity difference are Mn-55 and natural Fe, which show different dependence on the
                                                 '
void firaction. The different shapes ofthe curves for the two isotopes indicate the different
energy domain which dominates the reactivity difference caused by the two isotoPes. The
negative contribution of O-l6 to the (A-S) discrepancy is also remarkable, especially in high
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void fractions. Its contribution is approximately -120 pcm fbr reference O% voided cells and
gradualiy increases with void fraction, and reaches up to approximately -180 pcm for 100%





























                 '                 '           -' '' '/ ''1--
't]'-'--- ]L         1..- - .l .....
         t'- -' rl ''''
..]..." . [. ---.- E･i･.- ･･･--  1 /----- -[-----







O 20 40 60 80 100              Void Fraction (%)
       ' Contribution of stainless steel cladding to reactivity difference between
  APOLLO-21JEF2.2 and SRACIJENDL-3.2 fbr Cell 1.
         Only the total components are shown.
2.4.2.B Analysis in 7lerms ofEnergy andReaction Z)spes Basedon 15-group Collapsed
        Reaction Rates
     The cause of the various profile of the contribution of each isotopes and reaction types
shown above indicates that they are composed ofcontributions from different energy domains,
which change their importance according to the progression ofvoidage. As such phenomena
could not be fu11y understood without the further analysis in terms of energy, a more detailed
analysis based on 15-group collapsed reaction rates has been performed and will be discussed
                   '
in this subsection.
     Tabge 2.3 shows the energy group structure of the 15-group employed in the analysis.
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Due to the different energy group structure in the original fine-group iibrary of the 172-group
CEA93 library and the 107-group SRAC library) there are differences in some of the coarse
groups. The largest difference is in the most upper energy considered in the two libraries;
CEA93 treats up to 19.6 MeV whereas SRAC iibrary treats up to 10.0 MeV However, due
to the small fraction ofneutron flux and hence the reaction rates within 1O.O MeV < E < g9.6
                                                       '   'MeV this difference in the uppermost energy which appears in the ISt group has proven to
have very little effect to the total reactivity difference.
























































































     As the voidage progresses, the neutron spectrum shifts towards higher energy, and the
importance ofeach energy domain may change significantly. Figure 2.9 shows the reiative
change of some of the cell averaged 15-group fiuxes for Cell i caiculated by
SRACIJENDL-3.2. Here, the flux fbr each indicated coarse group has been normaiized to
             'unity at O% void to illustrate the relative change due to the progression ofvoid. It should be
noted that the neutron flux between 4 eV < E < 9 keV shows a non-monotonous change with
                                          'progressing void. Especially for 10th (454 eV < E S 2.03 keV), 1lth (22.3 eV < E S 454 eV)
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